In display technology, pixels are composed of three primary colors: red, green, and blue (RGB) 
Introduction
Every year, the display industry introduces many innovations to improve quality and economy of displays. The factors, which contribute to the superiority of various displays, are: response time, size, weight, viewing angle, brightness, screen life, and power consumption. Since the current market places a very high expectations in terms of the quality of the display the limitations of the liquid crystal display (LCD), size and brightness, and that of the Plasma displays, image retention and size [14] render them unsuitable for certain applications such as billboards and entertainment displays [3, 7, 8] . LED displays, however, just like any other technology has some issues, such as: high cost, power consumption, and AP maintenance. The new suggested pixel architecture is expected to improve efficiency and AP.
Even though, the rapid development in solid state technology has witnessed advancements in high power LED obtaining on average of 80 lumen/ Watt, efficiency of LED displays could be further improved by introducing a white LED. In addition, the introduction of the white LED is expected to improve picture quality of LED displays. There are several approaches using LEDs to achieve white light. One approach is to use a blue or UV LED to excite one or more phosphors to produce white light [10] [13] . Another approach is to use RGB LEDs to give white light. A key challenge for RGB-LEDs is to maintain the desired white point within acceptable tolerances. This arises from the significant spread in lumen output and wavelength of manufactured LEDs, and the changes in LED characteristics that occur with temperature and time. Maintaining the desired white point can only be achieved with feedback schemes to control the relative contributions of red, green, and blue to the white light [13] . This paper focuses on the first method of white light generation in which a blue LED is used.
The traditional method of using LED light source composed of RGB LEDs is modified to include a white LED. White LED will be turned on to the level of the appropriate luminance when all three RGB are turned on in order to produce a certain color. The luminance of the white LED will be decided based on the minimum luminance flux (which takes into account human eye response) of the RGB and tri-stimulus values which are the amounts of the reference lights necessary for the additive mixture to provide a close match to the light considered [16] .
By introducing the white LED into the pixel, usage of the green LED will be reduced, which is the least efficient. Also, usage of red and blue LEDs will be reduced which results in a life expectancy increase of the display on average. Moreover, less complicated feedback control schemes for RGB LEDs will be needed in order to maintain AP since pure white light is used to achieve the white point resulting in more uniform white color point integration with the added benefits of a less complicated control circuitry.
Based on a theoretical modeling and test measurements (using a prototype) for the new suggested method (RGBW), the advantages compared to the RGB LED display technology will be demonstrated. In section 2, an overview of the classical RGB is provided. In section 3, problems with traditional RGB displays are presented. In section 4 and 5, the new configuration of RGBW display is presented along with the experimental set-up. In section 6, results and discussion are presented. Conclusions are in section 7.
Classical Pixel RGB overview
The hues red, green, and blue are monochromatic colors (colors of a single wavelength [16] ). Roughly, the wavelengths of RGB are: 610nm for Red, 540nm for Green and 470nm for Blue. These are defined as the three primary colors since they can be mixed appropriately to obtain any color within the gamut indicated in Figure 1 The resultant color produced by the primary colors is described by the following equation:
where R, G, and B can be considered to be unit values for blue, green, and red and R, G, and B are the magnitudes or relative intensities of those primaries called "tristimulus values".
In CIE 1931 xy color coordinate system, x and y are the chromaticity coordinates, and Y is the brightness parameter, a measure of luminance, which is a light intensity with the sensitivity of the normal human eye [5, 15] taken in to account. This color system introduces a new set of primaries XYZ (that correspond to RGB [15] . XYZ (tristimulus values) are obtained by measuring its spectral power distribution (SPD) at each wavelength, multiplying by each of the three color matching functions in Figure 2 and summing them. Then, to obtain the chromaticity coordinates (x,y), the following normalization is done [15] :
For example, AP in CIE system has the coordinates E(x=1/3, y=1/3).
"Figure 2. Color matching functions red, green and blue for CIE 1931 system"
A new color is created by a weighted average of the CIE chromaticity coordinates two colors [15, 16] . The weighting factors involve the brightness parameters Y. Given that the coordinates of the two colors are (x1,y1)Y1 and (x2,y2)Y2, the additive mixture color coordinates are given by the equations [15] :
Problems with RGB
Although RGB has the benefit of color variability, it also has some challenging issues such as: Color instability due to temperature changes, and nominally identical LEDs can vary in light output by over a factor of two, and the wavelength can vary by many nanometers due to aging differently and initial spread in the performance of the LEDs [13] . A study on thermal effects on RGB LED characteristics was reported in [10] . Δuv, color generation minimumperceptible-color-difference (MPCD) described using the following equation:
The study in [10] shows a 10% decrease in light output for every 10 0C increase in temperature for AlInGaP red LED 5% for InGaN green LED and 2% for InGaN blue LED. It is also shown that as temperature increases the LED shifts towards longer wavelength. In [13] , MPCD as an outcome of changes in light output of the individual LEDs, due to aging or manufacturing inconsistency, was studied and reported. Results show the calculated shift in the (u; v) color coordinates as a result of a change in the flux of the red, green, or blue LEDs.
RGBW pixel Architecture
In this study, the classical pixel RGB is modified to include a white LED. In a frame, some pixels will have a certain intensity of white. In other words, certain hues can be modeled as the addition of a certain amount of white and some intensities of two of the three colors, R, G and B. For every pixel that has some amount of white in it, the maximum luminance flux of white of the color is supplied with the white LED in order to retain the saturation level required. In the process, the intensity of one of the three colors will be completely eliminated and the two others will be reduced in intensity. Figure 3 schematically demonstrates the process of conversion from RGB to RGBW. The combination of light wavelengths to produce a given perceived color is not unique. The white intensity in a certain color affects its saturation [16] . In other words, a perfectly saturated color is missing the element of white; therefore, only monochromatic and dual chromatic colors can be perfectly saturated. That given, it is concluded that by eliminating the white component, the hue will not change but its saturation level, which could be compensated by adding a white light from any other light source such as a white LED.
The following analysis theoretically demonstrates that the hue from RGBW and RGB will be the same. Using equation 1, the new color, C new , after taking away equal intensities of R, G and B of value x, is given by:
Note that the rewritten equation 5 has two components on the right hand side. The first term corresponds to the old color with the original intensities of the R, G and B and the second term corresponds to the amount of white intensity, which was removed from the pixel by reducing intensities of R, G and B by x. The calculations above show that the process of reducing an x amount of luminance from every RGB LED is equivalent to the process of reducing the same amount of white light.
Experiment Set Up
This experiment is designed in order to verify the functionality of the introduced RGBW method. An 8X8 pixel block display prototype is used; each pixel consists of RGBW LEDs placed in a square configuration as shown in Figure 4 . LEDs are driven by LED drivers. Each driver drives eight LEDs. The display block has eight parallel inputs, which implies that every four drivers are serially connected (red and white are serially connected, green and blue are serially connected). As described in the block diagram in Figure 5 there are two different RGB sources: Pattern generator (implemented in memory), and real time video signal (outputted from a scalar board that converts video signal to RGB). Using an FPGA The signals are decoded and fed into the RGB to RGBW converter. Then, the RGBW input data (eight bit data bus for every color) is remapped (due to the architecture of the display) and finally, pulse width modulation (PWM) is used to output to the RGBW data to the display. The color accuracy of the white point will be maintained by reducing the variation in white point if the LEDs are driven using PWM [15] . A 5" x 5 " of white plastic diffuser is used in order to properly mix the light of the pixel. Using the switches on the development board of the FPGA, one can choose to bypass the conversion so that the display will use the classical RGB pixel instead of RGBW. Using another set of switches, the hardware provides one with the ability to choose various solid colors from the pattern generator to be displayed. Then, using a spectrometer, the radiant luminance of color generated by RGB is measured and compared to the radiant luminance of color generated by RGBW.
Experiment Results and Discussion
The display is calibrated to correspond with the human eye response according to the following ratios, 1: 0.297: 0.816 (B: G: R) [6, 15] . Figure 6 (a) and (b) are the spectra of white generated using white LED and RGB LEDs, respectively. architecture of the prototype, which does not allow a separate calibration control for the white LEDs. A series of experiments with various hues were carried out and the hues with and without were compared by spectroscopic measurements and found to be same Table 2 describes calculated power consumption of R, G, B, and W LEDs at maximum ratings. It shows that in order to obtain white using RGB power dissipation is 3.77W, whereas it is down to 2.58W using the white LED which is equivalent to 32% power savings per pixel. In the near future, we will be performing tests on the sameness of the hues using human subjects and also performing energy difference measurements and analysis between the RGBW and RGB configurations.
"

Conclusion
In this study, a new pixel architecture is introduced. By using the white LED, we are able to redesign the classical RGB pixel to RGBW. We have demonstrated theoretically and experimentally that the resulting hue after the RGB to RGBW conversion is very close to the color produced by RGB. The new method will provide a more stable AP with less control circuitry since it is less sensitive to environment changes such as temperature. It also provides a wider color gamut and more saturation levels. For the case studied, it appears to save energy by 32%. Moreover, it is expected to increase the life time of the LED display by reducing the amount of time each LED is used.
